This paper summarizes the rechnical background and current clinical applications of color flow imaging in neurosonology . The criteria for interpretation along with our experience with color flow imaging of the carotid arteries and the intracranial vessels of neonates is presented.
Technical principles
The basis for color flow imaging is the ability of modern array processing to calculate, at high speed, the amplitude, phase and frequency of ultrasound signals reflecting from the tissue. Slowly moving or stalionary tissue signals become part of the real-time image. These signals are processed for amplitude in the same way as those displayed by conventional B-mode imaging. These signals are then assigned a gray-scale intensity proportional to the echo signal amplitude. ln this sense, the instrumentation is no different than any other real-Lime imaging ultrasonic scanner.
Simultaneously however, the phase of the echo signals yields informaLion about the presence and direction of motion (Figure la). Changes in phase evoke a color assignment. 1 The two extreme colors , red and blue, can be arbitrarily assigned to represent now away or towards the transducer. By convention, the RED COLOR, in its different shades, is displayed so iL represents arterial flow while lhe BLUE COL-ORS are used to show venous now. The shades or these two colors are graded depending on the velocity based on this principle, lighter colors (either red or blue) represent higher velocities. The lightest of them all, WH ITE, will be representative of the maximum velocity associated with the maximum Doppler shift frequency. To allow for a more realistic and dynamic visualization of the color images and their relationship to the cardiac cycle, each pixel is updated approximately 18 times per second in each image frame. extra corporeal membranous oxygenation {ECMO}, the classic methodology of assigning red to antegrade flow and blue to retrograde flow is used.
Originally, linear array transducers were utilized to perform color flow imaging. Lately, different manufacturers have introduced mechanical sector transducers that also yield similar images. Other advances include the introduction of transducers of 3.0-5.0 mHz for the purpose of evaluating deeper structures such as those localized within the abdomen, in addition to the original 7 .5 mHz transducers designed for the examination of superficial vessels such as the carotid arteries, and the intracranial arteries in the neonate.
The 
Criteria for interpretation
The interpretation of color now imaging is based on simple principles: 1. The gray-scale component of the image should be analyzed in the same way as its counterpart in conventional duplex scanning. The criteria for evaluating plaque morphology (presence or absence of calcification, hemorrhages or ulcers), vessel wall abnormalities, and other aspects of real-time imaging of tissue, are no different in the instruments using color-flow imaging. 2. Although the normal appearance of color now images is based on the bemodynamic principle of laminar now, even in normal individuals, variants of this pattern can be seen. Essentially, laminar now implies that the now in the axjs of the vessel is faster than that close to the vessel waU. The reason for this is that the shear rates are lower in the axial column of flowing blood due to the lack of friction from the vessel wall. When laminar flow is present, the normal color now image of an artery will display the axial portion of the vessel in lighter colors (i.e. higher velocities) than the portion close to the vessel wall ( Figure  la) . Disturbances of this laminar now, as they will be discussed below, can represent either pathologic conditions or physiologic variants. 3•• 3. The relationship between the laminar now pattern and the cardiac cycle is also important in the interpretation of color flow images. This relationship is usually constant but dependeni upon the type of vessel being imaged. For example, the internal carotid artery, a vessel supplying a low resistance territory, has significantly higher enddiastolic now than the external carotid artery which supplies a muscular capillary bed of high resistance. The importance of this dynamic concept cannot be overstressed since lack of diastolic now in ve!>scls such as the common carotid artery may renect a significant distal stenosis or occlusion, resulting in stagnation during the lowest point of 1he cardiac cycle. 4. The relationship between the color now images and the conventional Doppler ul1ra sound also has to be assessed. Without this consideration, color-now imaging yields no more than just "pretty pictures". There has to be consistency and correlation between methods such as spectral analysis of maximum frequencies/velocities, and the color-now images. Should the two findings not correlate, a critical assumption can be made that one of 1he two is inaccurate. To make a solid correlation, it is important to compare the portion of the color now image which directly corresponds with the point of the spectral Doppler sampling.
Clinical applications
As with any other new technique, especially one which requires the acqufaition of expensive instrumentation, significant skepticism surrounds the usefulness of color coded Doppler vascular uhrasound. In spite of this, its popularity has been growing at such a pace that many different manufacturers of ultrasound equipment have already introduced their own version of color now imaging instruments.
To assess its need each prospective user should ask the question: "What information can be ob1ained with color now imaging, that is not available by conventional duplex scanning?" It is our own experience that, in the majority of situations, duplex scanning is sufficiently effective to evaluate most individuals with cerebrovascular disease. There are some instances, however, in which the additional utilization of color now imaging results in a better understanding of the pathological process in question and its hemodynamic effects. What follows is a description of the two areas of neurosonology where color now imaging appears to be of marked usefulness.
Colo r now imaging of the cervical carotid arteries
ln the field of neurosonology, the evaluation of the common carotid bifurcation in the cervical region is probably the most popular application of color flow imaging. This technique appears to be ideal not only for the differentiation between normal and abnormal conditions but has also provided information that could not otherwise have been ob1ained.""' Since the introduction or color flow imaging, the understanding of the effects of anatomical variations of the carotid arteries has grown tremendously. One variant consists of a bulbous dilatation following the bifurcation of the common carotid artery. This dilatation is known as the carotid bulb. Its presence has been associated with a very distinctive flow pattern which includes separation and even reversal of the direction of the flow close to the wall of the bulb itself ( Figure  la) . In addition to displaying unusual patterns of flow, the presence of eddies, flow reversals, and high velocity, bright white jets associated with -;ignificant stenosis, make color flow imaging of the carotids a very powerful method for detecting hemodynamic and emboligenic abnormalities (figure l b)i• 6 • The differentiation between all three vessels of the carotid bifurcation (the common, internal, external carotid arteries) becomes very easy with color flow imaging. The flow of the first two is constantly presenL during the cardiac cycle. The flow of the external carotid artery, on the other hand, stops during diastole. Another advantage for identification is the ability to image branches of the external carotid artery in the cervical region.
We have described the advantage of color flow imaging of the carotid arteries compared with that of conventional duplex scanning: symptomatic individuals. 6. More reliable indicator of total occlusion of the carotid artery. The "blind spot" of conventional duplex scanning has been the ability to differentiate between totally occluded carotids and those with 990/o stenosis. Color flow imaging makes this lask more dependable.
lntracranial color fl ow imaging in children: Color flow imaging in infants has become an important adjunct of duplex Doppler sonography of the intracranial vessels. The identification of the vessels and direction of the flow can be ascertained with ease.
• Use of CFl shortens the learning curve for the sonographer and decreases the total time of the study chereby decreasing the exposure time of the neonatal brain to pulsed Doppler ultra sou nd.' Since the safety of pulsed Doppler ultrasound is of concern io, 11 and since the ultrasound energy is greater than that with either B-mode imaging, or CFI, it is advantageous to use CFI as it markedly decreases the total time of the study.
9
The major clinical application of CFI has been in neonates who have been treated with ECMO. ECMO is considered to be a lifesaving procedure for neonates with severely impaired lung function. EC-MO requires ligation of the common carotid artery. Bilateral amegradc llow is noted in normal anterior, middle, and posterior cerebral arteries in the neonate 1 (Figure le) . CFI has demonstrated altered flow patterns in patients with ECMO.
12 These patients have retrograde flow in the distal internal carotid artery and the proximal segment of the anterior cerebral artery.
Conclusion
lo this article we have summarized the basic techniques of CFl in neurosonology. We have outlined the current applications and advantages. However, extensive work still needs to be done in the neurosonologic applications to determine areas where CFl is superior to conventional duplex Doppler, before CF! becomes as widely used as Doppler sonography is currently used.
